Abstract: An optimal design toolbox for hybrid electric vehicles has been developed and applied to three different vehicle segments (a compact vehicle, a small SUV and a medium-size SUV) for two separate power-split hybrid layouts, both equipped with a diesel engine. One layout features a (3gTR) whereas the other lacks of the additional 3-gear transmission. The toolbox combines the optimization of the vehicle design to that of the control strategy and is based on the minimization of the total cost of ownership (TCO) over the vehicle lifetime. The tool still retains the capability of complying with different performance and emission constraints. The identified optimal designs have proved to lead to a reduction of the CO 2 emissions by 50 to 55% and to a reduction of the TCO by 9 to 10% if compared to the conventional vehicle. Such results held for all classes of vehicle. A cost-benefit analysis and a break-even analysis have also been carried out. A mileage of 20,000 km/year over an urban driving scenario has turned out to possibly allow the driver to break even in about four years for the SUVs and in about six years for the compact vehicle. Finally, a linear correlation between the TCO and the specifications of the design components has been detected with a mean percentage error of about 0.1%. Such a correlation can be very helpful for vehicle design tasks.
Introduction

State-Of-The-Art on the Optimal Design for Hybrid Electric Vehicles
Interest in the development of new technologies for reducing CO 2 and pollutant emissions from vehicles has increased in the last years [1] . To this aim, hybrid electric vehicles (HEVs) offer a good potential. HEVs feature a longer driving range than battery electric vehicles (BEVs), thanks to the presence of the thermal engine, even though the driving range of HEVs in pure electric mode is much lower than that of BEVs, due to the smaller battery packs [2] . In general, HEVs can lead to a significant improvement in fuel economy and CO 2 emissions if compared to conventional vehicles. Such a result is mainly to be ascribed to the engine downsizing, the regenerative braking, the implementation of the Stop-Start mode as well as to the optimization of the energy flow in the powertrain [3] .
The advantage of the adoption of HEVs in the newly emerging economies, which are likely to significantly contribute to the greenhouse emissions in the near future, has been assessed for in the literature [4, 5] . Moreover, it has been shown in [6] that the well-to-wheel CO 2 emissions of HEVs are definitely lower than those produced by conventional vehicles.
HEVs can be classified as plug-in HEVs (PHEVs) or non-plug-in HEVs (HEVs), depending on the possibility of re-charging the battery from the electric grid. Plug-in HEVs are characterized by larger battery packs than non-plug-in HEVs, so that they can lead to a further reduction of of the powertrain design and energy flows for a parallel hybrid architecture taking advantage of genetic algorithms. In [24] , the authors propose a systematic design and optimization method for the transmission system and the power management for a single-shaft parallel PHEV.
Based on the previous literature survey, it can be noted that there is a lack of studies specifically focused on the optimal design definition for power-split hybrid electric vehicles. Moreover, the few studies that have been found abide considering bi-level nested strategies, which combine the optimization of the vehicle design to that of the control strategy. The latter method has in fact proved to offer the best performance, as it guarantees system-level optimality [25] . Finally, the design tools proposed in the literature do not take into account the vehicle total cost of ownership, which is of primary importance for the end user.
Contribution of the Present Study
Given the previous background, a new tool for the design of HEVs has been developed and applied to power-split HEVs equipped with diesel engines so as to minimize the total cost of ownership (TCO). Three different classes of vehicle have been studied, i.e., a compact vehicle, a small sport-utility vehicle (SUV) and a medium-size SUV. Three powertrain configurations have been considered for each vehicle class, i.e., a conventional architecture and two power-split layouts, one specifically equipped with an additional 3-gear transmission. Therefore, nine different vehicles have altogether been investigated. The main novelties of the present study are summarized in the following sections.
Optimal Design tool for HEVs
The developed tool identifies the optimal design of each HEV targeting the size of battery and of each electric machine as well as the speed ratio for each power-coupling device. The optimum design aims at minimizing the TCO over a defined vehicle lifetime (15 years in the present study), considering both urban and highway driving conditions. The tool has been developed starting from a previous version presented by the authors in [26, 27] . The definition of the optimal powertrain design in terms of TCO is a novelty with respect to the previously developed design tools. The TCO is constituted by the initial investment, i.e., the manufacturer's suggested retail price (MSRP) as well as by the operating costs. These latter are not only related to the fuel refilling and to the vehicle component maintenance but also to the battery depletion over the entire lifetime of the vehicle. Such a term is generally disregarded in the literature for hybrid powertrain design. The toolbox is of the bi-level nested type as it combines the optimization of the vehicle design to the optimization of the control strategy. As a matter of fact, the control strategy (which includes the power-split and the gear selection) has a great influence on the operating costs. The strategy has therefore been optimized during the vehicle design process using the dynamic programming (DP) [28] . However, DP-based algorithms available in the literature are generally heavily time consuming and therefore they are not suitable for design optimization tasks when a high number of design candidates is considered. A fast-running DP algorithm, that was previously developed by the authors in [26, 27] , has hence been used to this purpose. The control strategy minimizes, over a defined vehicle mission, the fuel consumption (as it is usually performed in the literature) together with the engine-out NO x emissions and to the battery depletion. As a matter of fact, if a too aggressive control strategy is identified (in terms of electric power request and battery current), the battery life could be shorter. This may not represent a critical issue for the user, if an extended warranty is offered by the OEM, but it would surely represent an extra-cost from the OEM point of view. Soot emissions have not been considered in the present paper.
Application of the Tool to Three Different Hybrid Vehicles Equipped with a Power-Split Layout
The developed tool has been applied to three different HEV segments, each one equipped with two distinct power-split layouts and featuring a diesel ICE. The power-split architecture, referred to as e-CVT, is considered as the most popular concept for full (strong) HEVs. Although a planetary gear set alone can decouple the engine speed from the vehicle speed and hence guarantee the e-CVT function, Energies 2018, 11, 1705 4 of 28 a modified layout that includes an additional 3-gear transmission, installed between the output of the planetary gear set and the final drive, has also been investigated for each vehicle class. The latter solution in fact introduces additional degrees of freedom to the electric machine connected to the ring of the planetary gear set (EM1 in Figure 1 ) and gives the opportunity to install smaller electric machines without any drawback to the vehicle performance, such as maximum vehicle speed and acceleration. This layout is promising, according to the authors, in a cost-oriented design optimization.
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The developed tool has been applied to three different HEV segments, each one equipped with two distinct power-split layouts and featuring a diesel ICE. The power-split architecture, referred to as e-CVT, is considered as the most popular concept for full (strong) HEVs. Although a planetary gear set alone can decouple the engine speed from the vehicle speed and hence guarantee the e-CVT function, a modified layout that includes an additional 3-gear transmission, installed between the output of the planetary gear set and the final drive, has also been investigated for each vehicle class. The latter solution in fact introduces additional degrees of freedom to the electric machine connected to the ring of the planetary gear set (EM1 in Figure 1 ) and gives the opportunity to install smaller electric machines without any drawback to the vehicle performance, such as maximum vehicle speed and acceleration. This layout is promising, according to the authors, in a cost-oriented design optimization. Figure 1 . Scheme of the noTR (a) and 3gTR (b) power-split layouts considered in this study.
Cost-Benefit Analysis
After the definition of the optimal design, a cost-benefit analysis of each of the six considered HEVs has been carried out by evaluating the TCO, the retail price, the total CO2 and NOx emissions, the payback distance, the cost per km and per day as well as the break-even fuel price. The simulations were performed over two different driving missions.
Finally, some considerations should be done concerning the selection of a diesel engine for the powertrain design. Although diesel engines have become unpopular in the last few years and the current social and political attitude towards diesel is not favorable, the authors think that the hybridization of a diesel vehicle can lead to several advantages:
(1) A diesel hybrid vehicle is extremely advantageous in terms of CO2 emission reduction. Average CO2 emissions from new cars in Europe have increased in the last few years [29] , also as a consequence of a fall in the market share for diesel vehicles. This makes it hard, for car Figure 1 . Scheme of the noTR (a) and 3gTR (b) power-split layouts considered in this study.
After the definition of the optimal design, a cost-benefit analysis of each of the six considered HEVs has been carried out by evaluating the TCO, the retail price, the total CO 2 and NO x emissions, the payback distance, the cost per km and per day as well as the break-even fuel price. The simulations were performed over two different driving missions.
(1) A diesel hybrid vehicle is extremely advantageous in terms of CO 2 emission reduction. Average CO 2 emissions from new cars in Europe have increased in the last few years [29] , also as a consequence of a fall in the market share for diesel vehicles. This makes it hard, for car manufacturers, to achieve the required EU average fleet target of 95 gCO 2 /km by 2021 for new vehicles. (2) It is true that a diesel hybrid vehicle leads to high initial costs compared to a gasoline HEV.
Still, one should be considered that the cost of diesel oil is generally lower than that of gasoline. Moreover, the efficiency of diesel engines is higher than that of gasoline engines. As a consequence, the initial additional cost may be counterbalanced by the lower operating costs. A recent study by University of Michigan [30] shows that clean diesel engines in conventional vehicles provide a return in investment in a timeframe ranging around 3-5 years. (3) The hybridization of a diesel vehicle may lead to advantages in terms of pollutant emission control (see [31] ) and combustion noise control, thanks to the possibility of optimizing the power flow of the powertrain. Therefore, this could make the diesel vehicle more environmentally friendly. Moreover, the possibility of controlling pollutant emissions by means of power flow optimization may lead to a lighter after-treatment system, with advantages in terms of costs. (4) Although the current social and political attitude towards diesel is negative, recently developed diesel powertrains have proved to emit no more than 13 mg/NO x per kilometer (far less than European standards after 2020), also exploiting artificial intelligence [32] .
For the abovementioned reasons, the authors think that the hybridization of a diesel vehicle may respond to the current need for clean and low CO 2 -emitting powertrains. 
Vehicle Model
HEV Layouts and Vehicle Class Segments
Two different hybrid layouts have been considered in the present paper. The first one, which is referred to as noTR power-split layout, is depicted in Figure 1a . In this layout, a planetary gear (PG) set (the sun is depicted in blue, the ring in yellow and the carrier in red) has been installed as a speed-coupling device, while a single-speed gearbox (GB) has been installed as a torque-coupling device. The engine is connected to the PG carrier, the second electric machine (EM2) is connected to the PG sun, the first electric machine (EM1) is connected to the second GB shaft and the driveline is connected to the first GB shaft and to the PG ring. It should be noted that the planetary gear set and the presence of a second electric machine allow for decoupling the engine speed from the vehicle one, thus assessing for the e-CVT function. The driveline is depicted in yellow and it consists of the final drive (FD). The battery is connected to each electric machine through the inverter (Inv).
The second layout is depicted in Figure 1b and includes an additional 3-gear transmission (3gTR) installed between the output of the planetary gear set and the final drive. The latter solution can in fact provide additional degrees of freedom to the electric machine connected to the ring of the planetary gear set (EM1 in Figure 1 ).
The speed ratio values of the two transmission devices that have been designed for this study are reported in Table 1 for each gear. The 6-speed transmission is installed on the conventional vehicles, while the 3-speed transmission is installed on the 3gTR hybrid layouts. Table 1 . Gear speed ratios, τ, of the 6-speed and 3-speed transmission devices. The two hybrid layouts have been installed on three different vehicle segments (a compact vehicle, a small SUV and a medium-sized SUV) and have been compared to a conventional vehicle. Nine different vehicle configurations have therefore been investigated. Three different diesel engines from GM-GPS (General Motors-Global Propulsion Systems) have been employed in the present study and their main specifications can be found in Table 2 . The adoption of different engines is necessary to meet similar vehicle performance targets for different vehicle segments, both for conventional and hybrid layouts. The engines installed on each considered vehicle are reported in Table 3 . The vehicle chassis mass, the frontal area A v , the drag resistance coefficient c x and the tire radius are reported in Table 4 [33] . The reader can refer to the Appendix A.1 for the detailed description of the procedure to determine the masses of the main vehicle components. With reference to the fuel properties used in the present investigation, the engines have been fed with conventional diesel fuel (according to EN 590 regulations), which is characterized by a cetane number of 53.1, a density of 0.83 kg/L and a lower heating value of 43.4 MJ/kg.
Control/State Variables and Their Discretization
The detailed description of the vehicle kinematic model, as well as the procedure to determine the power and speed of the engine and electric machines have been reported in the Appendix A.2 for the sake of readability.
The tool proposed in this study combines the optimization of the vehicle design to the optimization of the vehicle control strategy. The latter identifies the optimal trajectories of two powertrain control variables (see Section 3):
(1) The transmission speed ratio, τ.
(2) The power flow (PF) through the engine, the two electric machines and the battery.
The τ variable might hold 6 different values for the conventional vehicle, 3 for the 3gTR power-split layout (see Table 1 ) and 1 for the noTR layout. This control variable defines the speed of the powertrain for a given vehicle velocity, tire radius and final drive speed ratio (see Equation (A10)).
The PF control variable includes two sub-control variables, i.e., the e-CVT speed ratio (δ) and the engine power fraction (α). The e-CVT speed ratio defines the engine speed (Equation (A15)) whereas α defines the engine power contribution with respect to the overall power demand (Equation (A16) ). An additional sub-control variable (χ) has been introduced to handle the power split between the two electric machines when the engine is off (i.e., α = 0). The control variables have been discretized in order to reduce the computational time [26, 27] ). The default dimensions of the three discrete sets (N α , N δ and N χ ) are 3, 5 and 5, respectively. The values are reported in Table 5 . Three values of the sub-control variable α have been chosen. It is worth noting that the hybrid powertrain operates in power-split mode for 0 < α < 1 whereas the battery charge mode holds for α > 1. The number of different pure-electric modes (N χ ) is given by the size of the χ set. The δ set in turn determines the different engine-speed levels, for a given vehicle velocity. The EM2 power is negative if the engine speed is greater than the nominal speed (δ > 1) and it is otherwise positive. The discrete values of the control variables listed in Table 5 constitute the domain of the control strategy. One may expect that an increase in the number of discrete values would lead to a more effective control strategy. However, it has been verified that this improvement is limited (see Section 6.3.2).
The state variables of the problem are the engine state and the battery SOC. The engine states are on/off, while the battery SOC has been discretized into 4000 steps in the 0.4 ÷ 0.8 range.
Optimal Control Strategy
Objective Function
The optimal control strategy, u * (t), is determined by selecting, for each time instant, the values of the control variables (α, δ, χ) that minimize an objective function, J, over a defined vehicle mission. In HEV architectures, the state of charge (SOC) of the battery at the end of the mission has to be equal or higher than the initial SOC. The mathematical formulation of the problem is:
u(t) indicates the generic control strategy, while S * (t) represents the set of feasible combinations of the control variables for each time interval t; FC and FC cv are the cumulated masses of fuel consumed over the mission by the hybrid vehicle and the conventional vehicle, respectively (kg), M NOx and M NOx,cv are the cumulated engine-out nitrogen oxide mass emissions of the hybrid vehicle and of the conventional vehicle, respectively (kg), BP is the battery price ($), FP is the fuel price ($/kg), BU is the battery usage; SOC end is the battery SOC at the end of the mission and SOC start is its initial value. The objective function not only considers the fuel consumption (as it is usually performed in the literature) but also engine-out NO x emissions and battery depletion so as to avoid too aggressive strategies either in terms of emissions or in terms of battery depletion. The two weighting factors of the default J function, namely β 1 and β 2 , have been set to 0.05 and 0.475, respectively. Their effect on the identification of the control strategy has been thoroughly analyzed in Section 6.3.1.
Dynamic Programming
Dynamic programming (DP) [34] has been used to solve the optimal control in Equation (1). DP algorithms available in the literature are generally heavily time consuming and therefore they are not suitable for design optimization tasks based on the bi-level nested approach. In fact, these methods require defining the optimal control strategy for a large set of design candidates. Previously developed techniques, such as 'the configuration matrix' [26] , have been adopted in order to reduce the computational time. The 'configuration matrix' approach is based on the estimation of the values of the main model outcomes for all of the possible combinations of the control variables. These values are then stored into a separate matrix (referred to as the 'configuration matrix') before the optimization process is started. The DP hence takes advantage of pre-calculated data to extract the optimal control rather than continuously running the vehicle model, the latter being one of the main reasons for the high computational times.
Optimal Vehicle Design
The tool used in the present work has been developed starting from a version presented in [26, 35] . It generates many different design candidates for each vehicle layout. A screening procedure selects the feasible designs that meet the performance and emission constraints. The optimal control strategy is then identified for each feasible design using the DP algorithm. The candidate that leads to the minimum total cost of ownership (TCO) is hence selected as optimal. The toolbox is presented in detail 
Toolbox
The mathematical formulation of the optimal design problem is defined as follows:
where x is the design of a generic vehicle, x * is the optimal design, X * is the set of design candidates that satisfy all the vehicle performance constraints, h j and h * j are the generic vehicle performance constraint and the target, respectively, and N vpc is the number of vehicle performance constraints (six in this study). The generic design array, x, stores the information related to the battery power-to-energy, PE b , the maximum battery power P b,max , the maximum power of the two electric machines, P em1,max and P em2,max , as well as the speed ratio of the gearbox device (τ gb ), of the planetary gear set (τ pg ) and of the final drive (τ fd ). An urban driving scenario has been used for the optimal design process. Figure 2 reports the functional scheme of the toolbox, where each colored bar represents a specific phase of the process. The tool initially generates a set of design candidates (blue bar in Figure 2 ) for the three vehicle segments (green bar) and the two layouts (noTR/3gTR in the orange loop). The vehicle performances of the x design are estimated as described in Section 4.2. If all of the vehicle constraints are satisfied (purple bar), the design is marked as feasible. The optimal control strategy is then elaborated with the DP over the 1015 mission (red bar in Figure 2 ) using the default J function (see Section 3.1). The 1015 mission have been selected as representative of an urban-like scenario, over which a HEV leads to the best improvements. However, it will be shown in Section 6.1.2 that the driving mission selection has little impact on design layout. The main outcomes, i.e., FC, NO x emissions, battery usage and CO 2 emissions and TCO, are obtained from the optimal control strategy and associated to the current design. The optimal design, x * , that minimizes the TCO is finally selected for the given hybrid layout and vehicle segment. where x is the design of a generic vehicle, x * is the optimal design, X * is the set of design candidates that satisfy all the vehicle performance constraints, h and h * are the generic vehicle performance constraint and the target, respectively, and N is the number of vehicle performance constraints (six in this study). The generic design array, x, stores the information related to the battery power-toenergy, PE , the maximum battery power P , , the maximum power of the two electric machines, P , and P , , as well as the speed ratio of the gearbox device (τ ), of the planetary gear set (τ ) and of the final drive (τ ). An urban driving scenario has been used for the optimal design process. Figure 2 reports the functional scheme of the toolbox, where each colored bar represents a specific phase of the process. The tool initially generates a set of design candidates (blue bar in Figure  2 ) for the three vehicle segments (green bar) and the two layouts (noTR/3gTR in the orange loop). The vehicle performances of the x design are estimated as described in Section 4.2. If all of the vehicle constraints are satisfied (purple bar), the design is marked as feasible. The optimal control strategy is then elaborated with the DP over the 1015 mission (red bar in Figure 2 ) using the default J function (see Section 3.1). The 1015 mission have been selected as representative of an urban-like scenario, over which a HEV leads to the best improvements. However, it will be shown in Section 6.1.2 that the driving mission selection has little impact on design layout. The main outcomes, i.e., FC, NOx emissions, battery usage and CO2 emissions and TCO, are obtained from the optimal control strategy and associated to the current design. The optimal design, x * , that minimizes the TCO is finally selected for the given hybrid layout and vehicle segment. A set of 12k designs has been generated in this study for each hybrid vehicle equipped with the 3gTR power-split layout, while sets of 20k, 40k and 75k designs have been generated for the compact A set of 12k designs has been generated in this study for each hybrid vehicle equipped with the 3gTR power-split layout, while sets of 20k, 40k and 75k designs have been generated for the compact vehicle, small SUV and medium-sized SUV, respectively, equipped with the noTR layout. A total number of 171k designs have therefore been generated. Since the noTR layout requires a combination of more powerful electric machines than those of the other layout, the design domain becomes much larger, as a greater number of discrete power values of the battery and the electric machines are required. The toolbox requires 90 min to find the feasible designs that meet the performance constraints (out of 171k candidates), when it is run on a computer equipped with an Intel i7 processor (featuring 8 CPUs at 2.8 GHz). It has been found that the number of feasible designs ranges from 250 to 1000 for the three vehicle segments. Afterwards, the identification of the optimal control for the feasible designs requires an overall computational time of about 7 h. A great reduction in computational time and memory demand has been obtained using the 'configuration matrix' approach to implement the DP algorithm [26] .
Vehicle Performance Constraint
The following performance and emission constraints have been introduced to define the feasibility of a generic design:
(1) The maximum vehicle velocity over a flat road has to exceed the target value, which depends on the vehicle class. (2) The times required by the vehicle to accelerate from 0 to 50 km/h, from 0 to 100 km/h, from 65 to 100 km/h and from 80 to 110 km/h over a flat road have to be lower than the corresponding target values. (3) The maximum power that the powertrain can provide at 80 km/h has to exceed the power demand of the vehicle at that given velocity over a 7.2% uphill road, as a gradeability requirement; (4) The vehicle is required to tow a trailer of total mass M * tow . (5) The vehicle has to accelerate up to 30 km/h over an uphill road which slope is defined by α road . (6) The cumulated engine-out NO x mass emissions of the hybrid vehicle over each mission has to be smaller than the cumulated mass of the conventional vehicle.
The performance requirements have been inspired by the work presented in [36] and the values of the constraints are enlisted for the different vehicle segments in Table 6 . 
Definition of the Total Cost of Ownership and of the Manufacturer Suggested Retail Price
As it was shown in Section 4.1, the optimal design of each hybrid vehicle has been selected by minimizing the total cost of ownership (TCO) over the 1015 driving mission:
where MSRP represents the manufacturer's suggested retail price, C maint the maintenance costs of the vehicle, C fuel the total cost due to fuel refilling and C bat−lease represents the total cost due to [36] . The manufacturer's suggested retail price (MSRP) has been calculated as follows:
where C base indicates the base vehicle cost (chassis, wheels and other components), C e , C em , C bat , C tr , C acc indicate the cost of the engine, the electric machines, the battery, the transmission and the accessories, respectively. The formulation of the different costs expressed in Equations (5) and (6) are reported in the Appendix A.3 for the sake of readability.
Model Validation and Driving Mission Specifications
Validation of the Vehicle Model
The models of the different components were assessed for on the basis of previous experimental tests [37] [38] [39] . In particular, the validation of the engine model was carried out over the NEDC considering warm and cold start operations. It was found that the inaccuracy resulted to be within ±1% for the fuel consumption and ±6% for the cumulated NO x emissions.
Specifications of the Considered Driving Missions
Two different types of driving missions have been considered: (1) the Japanese 10-15 mode driving cycle that characterizes an urban driving scenario, here referred to as 1015; (2) the Artemis Motorway Driving Cycle (AMDC) that characterizes a highway driving scenario. The main specifications of the driving missions are shown in Table 7 . T indicates the mission duration, D the covered distance, E tr and E br the total energy demands (for the traction and braking stages, respectively), V the average velocity. Finally, P tr represents the average vehicle traction power. Figure 3 depicts the frequency distribution of the compact vehicle power demand for the two driving missions. The AMDC pattern represents the most extreme case, in which the frequency peak is shifted to the extreme right of the power demand range. The 1015 frequency peak occurs at a very low power demand whereas the whole distribution covers a range of about ±10 kW.
Two different values of vehicle miles traveled (VKT), namely 10,000 km/year (short VKT) and 20,000 km/year (long VKT), have been considered. Figure 3 depicts the frequency distribution of the compact vehicle power demand for the two driving missions. The AMDC pattern represents the most extreme case, in which the frequency peak is shifted to the extreme right of the power demand range. The 1015 frequency peak occurs at a very low power demand whereas the whole distribution covers a range of about ±10 kW.
Two different values of vehicle miles traveled (VKT), namely 10,000 km/year (short VKT) and 20,000 km/year (long VKT), have been considered. 
Results and Discussion
Vehicle Design
The total mass of each hybrid vehicle consists of the mass of the chassis, the engine, the two electric machines, the battery, the cargo, the transmission device (if present) and the additional components, i.e., exhaust, accessory, tank, accessory battery, fuel and starter (105 kg for the hybrid and 140 kg for the conventional vehicle). The cargo mass has been set to 136 kg for each vehicle. The above data have been extracted from [36] . The total mass of each vehicle is shown in Table 8 (third column). Additional specifications, such as power-to-mass (W/kg), 0-50 km/h acceleration time (s) and 0-100 km/h acceleration time (s) are also reported for each segment and vehicle type (in the 4th, 5th and 6th column, respectively). A cost-benefit analysis of the best HEV designs will be presented in the present section. It is worth recalling that the optimal design procedure initially selects the feasible designs that meet the performance and emission constraints (see Section 4.2) and hence compares the feasible solutions in terms of total cost of ownership, which is the most crucial factor in an economical perspective (see Figure 2 ). Although the best designs for the six HEVs minimize the TCO, it is also worth investigating the CO 2 emissions and retail price of the entire population of feasible designs. This cost-benefit analysis is shown in Figure 4 , which reports the CO 2 emissions (top) and MSRP (bottom) versus TCO, over the 1015 mission, for all the feasible designs of the compact vehicle (a), small SUV (b) and medium-sized SUV (c). The 3gTR designs are denoted with yellow dots, while the noTR ones are indicated with green dots. The designs that lead to the lowest TCO, MSRP and CO 2 have also been identified for the 3gTR and noTR cases and highlighted with blue or orange symbols, respectively.
In general, it can be noted that, despite the higher MSRP values, the noTR designs (green) lead to lower CO 2 emissions if compared to the 3gTR designs (yellow). It has been verified that the toolbox generally selects larger electric machines for the noTR layout so as to meet the given vehicle performance targets, such as the maximum velocity or acceleration times. The associated battery therefore has to be larger. This layout can achieve lower CO 2 emissions mainly due to the absence of the transmission power losses. However, the larger battery and electric machines are more expensive (see Equations (A23) and (A25)) and the cost increment is greater than the cost of the 3-gear transmission (Equation (A24)). Table 9 reports the reduction in CO 2 emissions, TCO and the increase in MSRP for the least-TCO, least-CO 2 and least-MSRP designs shown in Figure 4 . The comparison is carried out with respect to the conventional vehicle. Hereafter the x L,C nomenclature has been adopted to address the optimal design of the layout L in terms of the criterium C, so that x 3gTR,CO2 is the least-CO 2 design for the 3gTR layout. The x 3gTR,TCO configuration has been selected as the optimal design as it leads to the lowest TCO, to the minimum MSRP increment (11.2%) and to a reduction in CO 2 emissions of 55%, with respect to the conventional vehicle (Table 9 ). Table 9 also shows that while the least-TCO and least-CO 2 designs lead to opposite effects in terms of cost and benefit improvements, the least-MSRP design does not introduce any further advantage with respect to the least-TCO design. The results shown in Table 9 indicate that designs which minimize the TCO and the MSRP have a very similar performance. It may be hypothesized that, when the architecture is designed to minimize the TCO, the impact of the initial cost of the components is predominant over the impact of the operating costs in selecting the optimal design. On the contrary, if the architecture is designed to minimize the CO 2 , the resulting design is more costly as can be seen from the MSRP values.
The cost-benefit factor (CBF) has been defined as the ratio of the TCO increment and the CO 2 emission decrease (which represents the benefit) when the x design is adopted instead of the y design, as follows:
In a similar way, the price-benefit factor (PBF) quantifies the impact of the decrease in CO 2 emissions that can be achieved when the x design is adopted, instead of the y one, on the MSRP increase, as follows:
The values of the two factors have been reported in Table 10 in the fourth and fifth columns, where x is the design in the corresponding row, and y has been selected as the x 3gTR,TCO design (taken as a reference). If a design that further reduces CO 2 emissions is required by the OEM (in order, for example, to reduce the average CO 2 emissions of the fleet), the x noTR,TCO design should be selected since it features the lowest CBF and PBF values ($188.9/(g/km) and $46.5/(g/km), respectively).
In the small SUV case, x 3gTR,TCO still turns out to be the best solution. The further reduced CO 2 emissions of the x noTR,TCO design, however, come with a much lower CBF of $68.4/(g/km) and a comparable PBF of $52.8/(g/km). This lower CBF might promote the adoption of the x noTR,TCO design to decrease the average CO 2 emissions of the OEM fleet by about 10%. Its MSRP is only increased by 2%, with respect to that of the x 3gTR,TCO design. This obstacle can be overcome by means of proper financing policies to encourage the end-user to purchase the vehicles. The highest CO 2 reduction obtained with x noTR,CO2 results to be expensive, since CBF and PBF are $142.1/(g/km) and $172.5/(g/km), respectively. In the medium-sized SUV case, x 3gTR,TCO is still the best solution. The further reduced CO 2 emissions of the x noTR,TCO design, however, come with much lower CBF ($32.7/(g/km)) and PBF ($ 21/(g/km) ). This means that this segment is the least sensitive to the adoption of a design oriented toward CO 2 emission reduction, in terms of incremental TCO and retail price.
The incremental MSRP of the optimal hybrid design with respect to the conventional vehicle per unit CO 2 emission reduction, which is expressed as PBF x 3gTR,TCO → CV , is equal to $33.8/(g/km) for the compact vehicle and to about $22/(g/km) for the two SUV segments. This section is focused on the effect of the driving mission selection on the optimal design and on its resulting performance vehicles. Figure 5 reports the CO 2 emissions (top) and NO x emissions (bottom) versus the TCO of the feasible 3gTR designs for the small SUV, over two driving scenarios: (1) the 1015 mission as urban (U, yellow dots) and (2) the AMDC mission as highway (H, green dots). The x TCO,U and x TCO,H designs (highlighted with a red circle in Figure 5 ) represent the least-TCO 3gTR design of the small SUV over the 1015 and AMDC mission, respectively. If x TCO,H is tested over the urban mission, the TCO, CO 2 emissions and NO x emissions increase by 0.1%, 0.5% and 4.3%, respectively. Similarly, the TCO, CO 2 emissions and NO x emissions of x TCO,U over the highway mission increase by 0.3%, 1.3% and 5.3%, respectively. These results indicate that the least-TCO design is not affected by the type of driving scenario to major extent.
Similar results have been obtained for the compact vehicle and medium-sized SUV, regardless of the presence of a transmission device. The results have not been reported here for the sake of brevity. 
Impact of the Design Components on the Costs and Benefits
This section is focused on the analysis of the impact of the different component specifications (e.g., battery power-to-energy ratio and maximum power, electric machine size, gearbox and final drive speed ratio) on the vehicle TCO and CO 2 emissions. This type of analysis can be very useful to identify any trends between the component specifications and the CO 2 emissions/TCO. This can in turn offer insights in improving the vehicle design without the need for running the optimal vehicle design tool. The TCO and the CO 2 emissions of the 3gTR small SUV over the 1015 mission has been correlated to the specifications of the design components using a multi-variate linear model fitted to the data obtained from the whole set of feasible designs. The mathematical expression of the linear model is as follows:
TCO(x) = k 00 + k 01 ·x CO 2 (x) = k 10 + k 11 ·x (9) where the x array stores the following 7 values: PE b , P b,max , P em1,max , P em2,max , τ gb , τ pg and τ fd . The mean percentage error of the two correlations has been estimated to be 0.1% and 1%, respectively. These latter have been obtained with the k-coefficients listed in Table 11 (1st row for the TCO, 2nd row for the CO 2 emissions). Table 12 reports a list of the main component specifications and the resulting performance of the six optimized hybrid vehicles. Table 12 reports a list of the main component specifications and the resulting performance of the six optimized hybrid vehicles. Figure 6 shows the different cost contributions of the conventional vehicle (CV) and two HEVs. The group on the left compares the two compact vehicles over the AMDC mission for a short Vehicle Kilometer Travelled (VKT), while the group on the right reports the results of the two medium-sized SUVs over the 1015 mission for a long VKT. Each bar describes the cost share due to the engine (green), the electric power unit, which is made up of the battery and the two electric machines (cyan), the transmission device with an additional gearbox and planetary gear-set (orange), the other components, such as the vehicle chassis, wheels, internal design parts (blue), the fuel refilling during the lifetime of the vehicle (red), any battery replacement (yellow) and maintenance (dark blue). These Table 12 reports a list of the main component specifications and the resulting performance of the six optimized hybrid vehicles. Figure 6 shows the different cost contributions of the conventional vehicle (CV) and two HEVs. The group on the left compares the two compact vehicles over the AMDC mission for a short Vehicle Kilometer Travelled (VKT), while the group on the right reports the results of the two medium-sized SUVs over the 1015 mission for a long VKT. Each bar describes the cost share due to the engine (green), the electric power unit, which is made up of the battery and the two electric machines (cyan), the transmission device with an additional gearbox and planetary gear-set (orange), the other components, such as the vehicle chassis, wheels, internal design parts (blue), the fuel refilling during the lifetime of the vehicle (red), any battery replacement (yellow) and maintenance (dark blue). These Table 12 reports a list of the main component specifications and the resulting performance of the six optimized hybrid vehicles. Figure 6 shows the different cost contributions of the conventional vehicle (CV) and two HEVs. The group on the left compares the two compact vehicles over the AMDC mission for a short Vehicle Kilometer Travelled (VKT), while the group on the right reports the results of the two medium-sized SUVs over the 1015 mission for a long VKT. Each bar describes the cost share due to the engine (green), the electric power unit, which is made up of the battery and the two electric machines (cyan), the transmission device with an additional gearbox and planetary gear-set (orange), the other components, such as the vehicle chassis, wheels, internal design parts (blue), the fuel refilling during the lifetime of the vehicle (red), any battery replacement (yellow) and maintenance (dark blue). These Table 12 reports a list of the main component specifications and the resulting performance of the six optimized hybrid vehicles. Figure 6 shows the different cost contributions of the conventional vehicle (CV) and two HEVs. The group on the left compares the two compact vehicles over the AMDC mission for a short Vehicle Kilometer Travelled (VKT), while the group on the right reports the results of the two medium-sized SUVs over the 1015 mission for a long VKT. Each bar describes the cost share due to the engine (green), the electric power unit, which is made up of the battery and the two electric machines (cyan), the transmission device with an additional gearbox and planetary gear-set (orange), the other components, such as the vehicle chassis, wheels, internal design parts (blue), the fuel refilling during the lifetime of the vehicle (red), any battery replacement (yellow) and maintenance (dark blue). These Table 12 reports a list of the main component specifications and the resulting p six optimized hybrid vehicles. Figure 6 shows the different cost contributions of the conventional vehicle (CV The group on the left compares the two compact vehicles over the AMDC mission f Kilometer Travelled (VKT), while the group on the right reports the results of the tw SUVs over the 1015 mission for a long VKT. Each bar describes the cost share d (green), the electric power unit, which is made up of the battery and the two electric the transmission device with an additional gearbox and planetary gear-set (or components, such as the vehicle chassis, wheels, internal design parts (blue), the fu the lifetime of the vehicle (red), any battery replacement (yellow) and maintenance ( Table 12 reports a list of the main component specifications and the resulting six optimized hybrid vehicles. Figure 6 shows the different cost contributions of the conventional vehicle (C The group on the left compares the two compact vehicles over the AMDC mission Kilometer Travelled (VKT), while the group on the right reports the results of the SUVs over the 1015 mission for a long VKT. Each bar describes the cost share (green), the electric power unit, which is made up of the battery and the two electr the transmission device with an additional gearbox and planetary gear-set ( components, such as the vehicle chassis, wheels, internal design parts (blue), the f the lifetime of the vehicle (red), any battery replacement (yellow) and maintenance Figure 6 shows the different cost contributions of the conventional vehicle (CV) and two HEVs. The group on the left compares the two compact vehicles over the AMDC mission for a short Vehicle Kilometer Travelled (VKT), while the group on the right reports the results of the two medium-sized SUVs over the 1015 mission for a long VKT. Each bar describes the cost share due to the engine (green), the electric power unit, which is made up of the battery and the two electric machines (cyan), the transmission device with an additional gearbox and planetary gear-set (orange), the other components, such as the vehicle chassis, wheels, internal design parts (blue), the fuel refilling during the lifetime of the vehicle (red), any battery replacement (yellow) and maintenance (dark blue). These two cases have been selected since they represent the worst and best cost-scenarios for the considered HEVs, respectively. The total costs of the HEV are in fact increased by 5.5% with respect to the conventional vehicle in the left-most case: They are in turn reduced by 9.6% in the right-most case. The incremental powertrain cost (engine battery, electric machine and transmission) is one of the major factors: it stems high for the compact HEV (52.2%) and lowers to 36.3% for the medium-sized SUV. The fuel refilling cost is the second major factor. The medium-sized SUV exploits the urban conditions and the long distance traveled during its lifetime. As a result, the fuel cost is reduced by 51.4%. This reduction is much smaller for the other scenario (7.4%), where the highway conditions together with the shorter VKT further penalize the compact vehicle costs.
Vehicle Cost Analysis
k 0 1 2 3 4 5 6 7 TCO 38535 −24.37 17.95 43.73 0 −80.31 −34.24 −154.2 CO2 104.34 −0.0023 −0.0415 0.142 0 −2.453 −0.683 −2.568
The incremental powertrain cost (engine battery, electric machine and transmission) is one of the major factors: it stems high for the compact HEV (52.2%) and lowers to 36.3% for the medium-sized SUV. The fuel refilling cost is the second major factor. The medium-sized SUV exploits the urban conditions and the long distance traveled during its lifetime. As a result, the fuel cost is reduced by 51.4%. This reduction is much smaller for the other scenario (7.4%), where the highway conditions together with the shorter VKT further penalize the compact vehicle costs. 
Sensitivity Analysis
Objective Function Definition
In the present section, the effect of the objective function on the optimal control and the related performance has been investigated. Nine different oriented optimizations have been considered in terms of CO2 emissions, NOx emissions as well as TCO and have been compared with the default J function (β = 0.05 and β = 0.475 in Equation (1)). The main outcomes are reported in Table 13 , which reference to the compact vehicle with no transmission. 
Operating costs
Compact vehicle -AMDC -short VKT Medium-sized SUV -1015 -long VKT Figure 6 . Cost comparison of the conventional and the hybrid vehicles for the compact segment over the AMDC mission for a short VKT (a) and for the medium-sized SUV segment over the 1015 mission for a long VKT (b).
Sensitivity Analysis
Objective Function Definition
In the present section, the effect of the objective function on the optimal control and the related performance has been investigated. Nine different oriented optimizations have been considered in terms of CO 2 emissions, NO x emissions as well as TCO and have been compared with the default J function (β 1 = 0.05 and β 2 = 0.475 in Equation (1)). The main outcomes are reported in Table 13 , which reference to the compact vehicle with no transmission. On the one hand, the FC-oriented optimization (β 1 = β 2 = 0 in Equation (1)) and all the FC-BU-oriented optimizations (β 1 = 0) are not feasible, since the NO x emissions increase excessively over the urban driving scenario. However, the increment in the NO x emissions associated to FC-BU-oriented optimizations ranges around a 35% over the urban mission, while it increases up to 110% for the FC-oriented optimization. This can be justified by considering that, since the engine optimal operating lines, in terms of fuel consumption and NO x emissions, are quite far one from the other, any engine operating point that is shifted toward the fuel optimal operating line, through the battery charge mode, would introduce a huge penalty in terms of NO x emissions. Since the life consumption of the battery is considered in the FC-BU-oriented optimizations, the adoption of the battery charge mode is reduced, hence leading to lower engine load conditions and to lower NO x emissions.
On the other hand, the adoption of the NO x -oriented strategy (β 2 = 1, β 2 = 0) provides a further NO x emission reduction (36.6%), with respect to the default case, whereas it leads to higher operating costs and TCO (2.62%). Since the battery is employed to shift the engine operating points toward low NO x emission areas, mainly through the power-split mode, a higher battery depletion occurs and the operating costs related to the battery replacement therefore increase.
The full-oriented optimization has therefore been selected as the most convenient definition, where β 1 = 0.05 is large enough to control the engine-out NO x emissions. This definition in fact provides an excellent tradeoff between fuel economy and savings as far as battery life and TCO are concerned.
Discretization of the Power-Flow Domain
Since the control strategy performance is estimated with the objective function J, an increment in the domain of any sub-control variable related to the power-flow, namely α, δ and χ, increases the chance of obtaining a better score in terms of J. However, the objective function differs from the TCO expression, especially as it accounts for NO x emissions. A larger domain of discretized values of the power-flow leads therefore to lower NO x emissions as well as to lower costs due to battery replacement. Still, slightly greater TCO (0.14%) arise due to the higher fuel consumption. In this framework, the default case with the smallest domain has been selected as the best option to investigate the least-cost design, as it needs the lowest computational time with a correspondingly low impact on the TCO. Figure 7 shows the cost premium for the compact vehicle (solid yellow line), small SUV (dashed green line) and medium-sized SUV (dashed-dotted cyan line) over their lifetimes. The cost premium has been evaluated as the difference between the TCO of the HEV and that of the conventional vehicle. The time at which the cost premium becomes equal to zero represents the break-even point for the HEV. The results have been compared over the 1015 and the AMDC missions for a short and long VKT. It can be noted that the initial cost premium is in general alike for each vehicle segment. The results highlight that the hybrid power-split layout is more convenient for larger vehicle segments, such as the small and medium-sized SUVs. The driving conditions and the VKT have a huge effect on the cost premium of all the options, so that the cost premium can even be positive at the end of the lifetime of the vehicle (15 years in this study). The highway-short VKT scenario (Figure 7c ) would discourage buyers from purchasing any of the studied vehicle segments. On the contrary, the urban-long VKT scenario (Figure 7b ) allows the final user to gain a reduction in TCO, and to break-even around the fourth year for the SUVs and the fifth year for the compact vehicle.
Cost Premium and Break-Even Fuel Price
Finally, Figure 8 reports the cost per day (first column), the cost premium at the end of the lifetime of the vehicle (second column) and the break-even fuel price (third column) for the compact vehicle (first row), small SUV (second row) and medium-sized SUV (third row), over the 1015 (yellow) and AMDC (cyan) missions for different VKT s. The average values over the missions are also reported with black dots and are quantified by means of numbers.
the end of the lifetime of the vehicle (15 The break-even fuel price (BEFP) represents the fuel price, including all excise taxes, at which the TCO of the HEV equals that of the conventional vehicle (see Equation (A32)). The cost premium and cost-per-day increase if each vehicle is progressively driven from urban conditions to highway scenarios together with the BEFP therefore increase. The most critical case for the compact vehicle is the AMDC mission with a short VKT (10,000 km/year), where the BEFP has been estimated to be $5.5/kg. The cost-per-day also increases if the vehicle covers longer distances over its lifetime. On the contrary, the cost premium of each vehicle tends to reduce, with beneficial effects on the economics of the hybrid vehicle. The break-even fuel price (BEFP) represents the fuel price, including all excise taxes, at which the TCO of the HEV equals that of the conventional vehicle (see Equation (A32)). The cost premium and cost-per-day increase if each vehicle is progressively driven from urban conditions to highway scenarios together with the BEFP therefore increase. The most critical case for the compact vehicle is the AMDC mission with a short VKT (10,000 km/year), where the BEFP has been estimated to be $5.5/kg. The cost-per-day also increases if the vehicle covers longer distances over its lifetime. On the contrary, the cost premium of each vehicle tends to reduce, with beneficial effects on the economics of the hybrid vehicle. As far as the different vehicle segments are concerned, despite a considerable reduction in TCO, the cost-per-day increases for larger vehicles. The results shown in Figure 8 represent the startingpoint from which it would be possible to develop business strategies to place hybrid vehicles on the market for different final user needs. In geographic areas in which the vehicle buyers usually drive in urban-mixed conditions and the fuel price is sufficiently high, it could be convenient to adopt the power-split hybrid technology for the compact segment. In such a scenario, a fuel price of $1-2/kg As far as the different vehicle segments are concerned, despite a considerable reduction in TCO, the cost-per-day increases for larger vehicles. The results shown in Figure 8 represent the starting-point from which it would be possible to develop business strategies to place hybrid vehicles on the market for different final user needs. In geographic areas in which the vehicle buyers usually drive in urban-mixed conditions and the fuel price is sufficiently high, it could be convenient to adopt the power-split hybrid technology for the compact segment. In such a scenario, a fuel price of $1-2/kg would be enough to break-even. Moreover, the buyers might accept the incremental HEV costs in favor of positive feedback from the community, due to reduced petroleum use, air pollution and greenhouse emissions, and in favor of tax incentives and improved acceleration from high-torque electric motors.
On the other hand, if the country's economy is robust, and the drivers are tempted to purchase larger and comfortable vehicles, both SUV segments would guarantee a total cost reduction and BEFP values from $0.5 to 1/kg. The best case for the small SUV is in fact the 1015 mission with a long VKT (20,000 km/year), where the BEFP is extremely low ($0.28/kg).
Conclusions and Future Work
This paper has focused on the development of an optimal design toolbox for power-split HEVs equipped with a diesel engine. Three different vehicle segments (a compact vehicle, a small SUV and a medium-sized SUV) with two separate power-split layouts, one without (noTR layout) and the other with an additional 3-gear transmission (3gTR layout), have been considered. The optimal design toolbox implements a bi-level (nested) structure that combines the optimization of the vehicle design and of the control strategy. The optimal design toolbox defines the size of the battery, the size of the electric machines and the values of the speed ratios of the power-coupling devices. The optimal design is defined in order to minimize the total cost of ownership (TCO) over vehicle lifetime, still retaining the capability of guaranteeing several performance and emission constraints. The optimal control strategy selects the power flow and transmission gear that minimize fuel consumption, engine-out NO x emissions and battery life usage over a defined vehicle mission, using a dynamic-programming algorithm. The main findings of this study can be summarized as follows.
Optimal Design and Vehicle Performance
In general, noTR layouts lead to higher reduction in the CO 2 emissions than the 3gTR ones, mainly due to the power losses of the transmission. However, large electric machines and large battery packs of the noTR layout are associated to large powertrain costs and in fact higher TCO than the 3gTR layout. For example, over the 1015 mission (urban-like scenario), the 3gTR layout in the compact vehicle introduces a 55% reduction in the CO 2 emissions and to a 9.6% reduction in TCO and to a 11% increase of MSRP, compared to the conventional vehicle, while the noTR layout leads to a 57% reduction of CO 2 , to a 9.2% reduction of TCO and to a 14% increase of MSRP. Similar results have been obtained for the two SUV segments.
Sensitivity Analysis
It was found that the vehicle mission selected during the optimal design, as well as the number of discrete values of the control variables, have a limited impact on the performance of the resulting hybrid vehicles In fact, if the optimal design is identified over a highway-like scenario (rather than over an urban-like scenario) and tested over the urban-like scenario, differences in terms of TCO, CO2 and NO x emissions range around 0.1%, 0.5% and 4.3%. The objective function might have a large impact on the NO x emissions: a purely FC-oriented optimization could lead to an increase in the NO x emissions up to a 120%. The best definition includes balanced weight factors for the NO x emissions, battery usage and fuel consumption terms. Clear trends between the component sizing/speed ratios and the TCO/CO 2 emissions of the hybrid vehicles have been identified. As a result, a linear correlation between TCO and the specifications of the design components has been found with a mean percentage error of about 0.1%. This correlation can be very useful to approximate the TCO of a given design candidate, without the need of simulating the optimal control with DP algorithm.
Cost Premium and Break-Even Analysis
The cost premium is the difference between the TCO of the HEV and that of the conventional vehicle. The break-even point corresponds to the time instant at which the cost premium becomes zero. It was found that the power-split HEV is more convenient for the two SUV segments, for which the breakeven is about 8 years for a short VKT (10,000 km/year) and 6 years for a long VKT (20,000 km/year), over the 10-15 mission. On the contrary, for the compact vehicle, the breakeven is about 11 years for the short VMT, and 8 years for the long VKT, over the same mission. The driving conditions and the vehicle traveled kilometer (VKT) therefore have a huge effect on the final cost premium of all the vehicle classes. As a result, the final cost premium can even be positive (conventional vehicle more convenient than the HEV). An example is the short-VKT over a highway driving scenario, which would discourage the purchase of any of the studied vehicle segments. On the contrary, the long-VKT over an urban driving scenario would allow the driver to breakeven in about four years for the SUVs and five years for the compact vehicle.
The break-even fuel price (BEFP) is the fuel price that equates the TCO of the HEV to that of the conventional vehicle. The results indicate that compact power-split HEVs lead to BEFP values of about 1-2 $/kg. If the fuel price is lower than this threshold, the compact HEV are not economically convenient. On the other hand, the two SUVs can lead to BEFP values that range from $0.5 to 1$/kg. The best case for the small SUV is in fact the 1015 mission with a long VKT, where the BEFP is extremely low ($0.28/kg).
Next Steps
The present work is part of a research activity, which was started in 2011, oriented towards the investigation of the potential of diesel HEVs in reducing CO 2 /pollutant emissions and the total cost of ownership of the vehicle.
Future investigations will be focused on the impact of the electrification of a diesel vehicle in terms of pollutant emission control, after-treatment system design and combustion noise reduction. Moreover, a cost-benefit analysis will be done considering not only conventional vehicles but also gasoline-fueled vehicles. Moreover, the performance of a plug-in architecture for the considered HEVs will also be investigated into.
Finally, an intense market analysis and an investigation of the allocation of hybrid vehicles in different timeframes are also subjects for future research. 
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The vehicle working condition may be either of the traction type or of the braking type (the power is positive in the former case and negative in the latter case). The final drive power, i.e., P fd , can be estimated as follows:
where the γ fr factor represents the front-rear power split during the vehicle braking (0.75 in this study), while γ br represents the power fraction which is managed by the mechanical brakes (0.1 in this study). The power at the powertrain level, i.e., P pt , is estimated by the following equation:
where P e,in , P tr,in , P em1,in and P em2,in indicate the inertial power of the engine, of the transmission, of the first electric machine and of the second electric machine, respectively, η tr indicates the efficiency of the transmission. The exponent k can assume two values, i.e., 1 during vehicle braking and −1 during positive traction. The powertrain speed, ω pt , which is equal to the PG ring speed, ω r , is obtained as a function of the sub-control variable τ and the vehicle velocity V v , as follows:
where τ fd is the speed ratio of the final drive and R wh is the dynamic wheel radius. The τ variable can assume the values defined in the first and second rows of Table 1 for the conventional vehicle and the 3gTR layout, respectively; it is set to 1, otherwise. The first electric machine (EM1) is connected to the second GB shaft, and its speed, ω em1 , can be defined as follows:
where τ gb is the GB speed ratio. The speed correlation between the powertrain (ω pt , ring), the second electric machine (ω em2 , sun) and the engine (ω e , carrier) is obtained using the Willis method for a planetary gear set [40] . The following equation results: ω em2 + τ pg ·ω pt = 1 + τ pg ·ω e (A12) while the torque correlations are determined as follows:
−T em2 = T ring τ pg = T e 1 + τ pg being T em2 = −T sun (A13)
The EM2 torque, T em2 , is the additive inverse of the sun torque, since the machine has to manage the output power that comes from the planetary gear set. This latter device splits the engine power into the two output loads, that is, the ring and the sun. The ring is connected to the vehicle load, while the sun is connected to EM2. A positive output torque at the sun level means the electric machine is operating as a generator, and a negative sign therefore needs to be introduced into Equation (A13).
Let us consider the special case in which no electric machine is employed. The engine speed is easily obtained from Equation (A12) as follows:
The e-CVT speed ratio, δ, has been selected as the first sub-control variable, and it determines the engine speed from the powertrain speed as follows: ω e = δ· = δ· τ pg 1 + τ pg ·ω pt (A15)
The engine power is instead controlled by the second sub-control variable, α, as follows:
where P pt is the power required at the powertrain level. The EM2 speed is rewritten as a function of δ, starting from Equations (A12) and (A15):
ω em2 = (δ − 1)·τ pg ·ω pt (A17) The engine speed is correlated to the speed of the EM2 through Equations (A12) and (A15), while the torque is correlated through Equation (A13). The EM2 power is obtained as follows: P em2 = ω em2 ·T em2 = −(δ − 1)·τ pg ·ω pt · T e 1 + τ pg = −(δ − 1)· ω e δ ·T e = −α· δ − 1 δ ·P pt (A18) The power at the ring level can then be obtained as follows:
P ring = P em2 + P e = α δ ·P pt (A19)
while the EM1 power can be obtained as:
If no power has to be provided by the engine, its speed is null. This condition occurs for a null value of both the α and δ variables. A new sub-control variable, χ, is introduced to handle the power split between the two electric machines when the engine is off, as follows: χ = α δ thus P em1 = (1 − χ)·P pt and P em2 = χ·P pt (A21)
In other words, the χ variable defines different pure-electric working modes. where α 1 is equal to 1, 1.125 and 1.17 for the compact vehicle, the small SUV and the medium-sized SUV, respectively, and α 2 is equal to 5.59 and 9.32 for the 3-gear and 6-gear transmission devices, respectively. The previous costs are expressed in $. The additional cost of the planetary gear set of each hybrid vehicle has been set to $600. Finally, the vehicle base costs, C base , (chassis, wheels and other components) have been estimated to be $10,000, $11,000 and $12,000 for the three vehicle segments, respectively. The cost of the additional components, C acc , which includes accessories, the tank, the accessory battery and the starter, has been estimated to be about $280 and $325 for the conventional and HEVs, respectively. The maintenance costs of the vehicle have been estimated from the average annual cost, C maint,0 , and the discount rate, r n , as follows:
In this study, the discount rate, r n , has been set to 1%. The average annual cost, C maint,0 , has been assumed to be $267/year and $293/year for each hybrid and conventional vehicle, respectively, according to [36] . The vehicle lifetime, N y , is set to 15 years in this work.
The total fuel consumption per year, FC y , is the product of the number of trips per year over the specific driving mission, n m , and the fuel consumed over the mission, FC m , obtained with the optimal control. The number of trips n m associated to a given driving mission is the ratio of the VKT and the mission distance. It has been assumed that the fuel price, FP y , linearly increases in time, the initial price is $0.7/L and it would increase by 100% over the vehicle lifetime. The total cost due to fuel refilling, C fuel , is calculated as follows:
where ρ fuel is the fuel density (0.83 kg/L).
The total number of batteries used per year, BU y , is the product of the number of trips per year over the specific driving mission, n m , and the fraction of battery life consumed over the mission, BU m . The total cost of battery replacement is calculated from the total battery usage, N bat , and the time (in year) of any battery replacement, t bat * . The former is calculated from the total number of batteries used per year, BU y , as follows:
while the latter is expressed as: 
In other words, t bat * contains each time frame Y (expressed in years) associated to any battery replacement that occurs when the cumulated BU y crosses an integer value.
A battery buy-leasing scenario has been considered in this study, which means that each final-user of the vehicle pays for the first battery, even if it outlasts the lifetime of the vehicle. Additional batteries are managed by leasing, so that the user only pays for the portion of battery life that is used. The total cost due to battery replacement by leasing, C bat−lease , is calculated as follows: where MSRP cv , C maint,cv and FC cv,y are the retail price, the maintenance costs and the fuel consumption at year y, respectively, of the conventional vehicle.
